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Abstract
The role of cyclic nucleotides in the transduction of the hyperprolinaemic and hypertrehalosaemic signal of the endogenous
neuropeptide Mem-CC was investigated in the cetoniid beetle Pachnoda sinuata. Flight and injection of Mem-CC into the
haemocoel of the beetle induce an increase of cAMP levels in the fat body of the beetle. This increase is tissue-specific and
does not occur in brain and flight muscles. An elevation of cAMP levels was also found when in vitro preparations of fat
body tissue were subjected to Mem-CC. Elevation of the cAMP concentration after injection of Mem-CC is time- and dose-
dependent: the maximum response is measured after 1 min, and a dose of 25 pmol Mem-CC is needed. Injection of cpt-
cAMP, a cAMP analogue which penetrates the cell membrane, causes a stimulation of proline synthesis but no mobilisation
of carbohydrate reserves. The same is measured when IBMX, an inhibitor of phosphodiesterase, is injected. cGMP seems not
to be involved in synthesis of proline nor carbohydrate release, because injection of cpt-cGMP has no influence on the levels
of proline, alanine and carbohydrates in the haemolymph. Although glycogen phosphorylase of the fat body is activated by
Mem-CC in a time- and dose-dependent manner, it cannot be stimulated by cpt-cAMP. The combined data suggest that
cAMP is involved in regulation of proline levels by Mem-CC but not in regulation of carbohydrates. Octopamine has no
effect on metabolites in the haemolymph and is not capable of activating glycogen phosphorylase, indicating that it is not
involved in the regulation of substrates in this beetle. Furthermore, the requirements of the receptor of Mem-CC are different
for eliciting a hypertrehalosaemic and a hyperprolinaemic effect, respectively, suggesting that differentiation in signal
transduction begins at the receptor level. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Flight of insects is a very energetically expensive
activity, and insect £ight muscles are known to be
the metabolically most active tissue in nature. During
£ight, the rate of the oxygen consumption can be up
to 100-fold higher than during rest [1]. The large
amounts of energy needed during £ight can generally
be provided by the oxidation of lipids, carbohydrates
or the amino acid, proline, in the mitochondria of
the £ight muscle [2]. In addition to the sole use of
each of these substrates in certain insects, the use of
combinations such as carbohydrates/lipids for locusts
[3] and proline/carbohydrates for some beetle species
[4,5] has been reported. The reserves of fuel in the
£ight muscles and haemolymph are very limited and
last only for a short period after the onset of £ight.
Therefore, fuel stores in the fat body, in the form of
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glycogen and lipids, must be mobilised and released
into the haemolymph. Small neuropeptides of the
large adipokinetic hormones/red pigment-concentrat-
ing hormone (AKH/RPCH) family which are syn-
thesised and stored in the corpora cardiaca, are
known to trigger such a mobilisation in a number
of insects [6].
The African fruit beetle, Pachnoda sinuata, is a
very strong £yer; this can also be inferred from its
maximal rate of oxygen consumption during £ight:
104 ml h31 g31 body mass, which is an 80-fold in-
crease over rest [7]. The beetle oxidises proline and
carbohydrates to power £ight muscle activity. Each
substrate contributes up to about 50% of the energy
used during £ight [7]. Proline, however, is solely con-
sumed during the endothermic pre-£ight warm-up
period [8]. Proline was shown to be partially oxidised
to alanine in P. sinuata £ight muscles [9]. This ala-
nine, in turn, serves as the precursor for re-synthesis
of proline in the fat body of the beetle by supplying
three carbon atoms, as well as the amino group [9].
Previous studies had shown that a mobilisation of
carbohydrates [10,11] and a stimulation of proline
synthesis [12] in the fat body of P. sinuata is accom-
plished by an octapeptide member of the AKH/
RPCH family of peptides, denoted Mem-CC [10].
While preliminary results of [10] suggested that the
tyrosine residue at position 4 of Mem-CC is essential
for receptor recognition in carbohydrate mobilisa-
tion, results of [12] clearly demonstrated that, for
the stimulation of proline synthesis, the aspartate
residue in position 7 is most important. Taking these
two sets of results into account, it seems likely that
two di¡erent receptors or receptor subtypes for
Mem-CC may be responsible for the mediation of
the mobilisation of carbohydrates and the stimula-
tion of proline synthesis in the fat body of P. sinuata.
These di¡erences in receptor binding are probably a
mechanism to independently activate proline synthe-
sis and glycogen breakdown. However, a pre-requi-
site for such a di¡erentiation would be a modulation
of the receptors themselves or di¡erences in the intra-
cellular transduction of the signal of Mem-CC and,
thus, in the second messenger system too.
The aims of the present study, therefore, was to
investigate the involvement of cyclic nucleotides as
likely candidates for second messengers in mediating
the signal of Mem-CC for the activation of proline
synthesis and glycogen breakdown in the fat body of
P. sinuata. Since release of neuropeptides upon £ight
stimulus has been reported (see [13]), we also studied
the e¡ect of £ight on the levels of a potentially in-
volved cyclic nucleotide. Octopamine was shown to
be released after onset of £ight [14] in locusts and it
was suggested that octopamine is involved in sub-
strate mobilisation via cAMP at the early stage of
£ight [15]. Therefore, octopamine was also tested for
its possible e¡ect on metabolism in the fat body of
the fruit beetle.
The regulation of the activity of glycogen phoshor-
ylase, the target enzyme of the signal of Mem-CC for
the mobilisation of glycogen reserves, was investi-
gated to gain more information about the di¡erences
between mobilisation of glycogen breakdown and
stimulation of proline synthesis.
2. Materials and methods
2.1. Insects
Male fruit beetles of the species P. sinuata £avi-
ventris (Gory and Percheron), were caught in the
vicinity of Cape Town and were maintained as out-
lined previously [5]. Experimental insects had a body
weight of about 1 g.
2.2. Dissection of corpora cardiaca
Corpora cardiaca were dissected into 80% metha-
nol as described in detail elsewhere [12], and extracts
were made as previously described [16]. Vacuum-
dried material was taken up in distilled water for
bioassays.
2.3. Bioassays
Bioassays for the determination of concentrations
of metabolites in haemolymph were carried out as
described in [12].
For measurement of cAMP, beetles injected with
Mem-CC or distilled water were killed after certain
periods, and the appropriate tissue was immediately
dissected into liquid N2. Samples were frozen at
380‡C and kept for no longer than 2 days before
measurement of their cAMP content (see below).
BBAMCR 14558 30-12-99
L. Auerswald, G. Ga«de / Biochimica et Biophysica Acta 1495 (2000) 78^89 79
For the determination of the activity of glycogen
phosphorylase, the fat body of beetles was dissected
into ice-cold homogenisation bu¡er (see below) 15
min after injection of the respective substance.
2.4. Flight experiment
Beetles were subjected to £ight with lift-generation
as outlined in detail previously [7]. Fat body tissue
was dissected as described above.
2.5. Incubation experiment
The fat body of individual beetles was dissected,
washed twice with ice-cold Pachnoda saline [9] and
pre-incubated for 1 h at 25‡C in saline. Thereafter,
the individual fat bodies were transferred into Ep-
pendorf tubes and incubated in 165 Wl Pachnoda sal-
ine containing 50 pmol Mem-CC. After the appro-
priate incubation period, fat bodies were removed
from the saline and immediately frozen in liquid N2.
2.6. Determination of cAMP and protein
Frozen tissue was homogenised in 4 mM EDTA
for 30 s using a Branson soni¢er, and the homoge-
nate was subsequently heated in boiling water for
5 min, cooled on ice for 5 min and centrifuged for
10 min at 15 000Ug at 4‡C. An aliquot of the infra-
natant was assayed for its cAMP content using a
competitive binding protein assay (Amersham), and
the soluble protein was measured according to [17]
using a BioRad kit and bovine serum albumin (frac-
tion V) as standard.
2.7. Determination of haemolymph metabolites
Samples of 1 Wl haemolymph were either blown
immediately into 100 Wl of concentrated H2SO4 for
the determination of anthrone-positive (carbohy-
drates) [18] material. For analysis of amino acids
by HPLC [5], 1 Wl of haemolymph was pipetted
into 100 Wl of 80% acetonitrile.
2.8. Determination of glycogen phosphorylase
(EC 2.4.1.1)
Fat body tissue of individual beetles was homogen-
ised in a bu¡er consisting of TRA/HCl (50 mM, pH
7.0), EDTA (5 mM), NaF (20 mM) and centrifuged
at 8000Ug and 4‡C for 20 min. The determination in
the direction of glycogen breakdown was done from
the infranatant in a medium containing TRA/HCl
(50 mM, pH 7.0), DTT (2.6 mM), EDTA (2 mM),
glucose-1,6-bisphosphate (1.5 WM), glycogen (AMP-
free, 10 mg ml31), imidazole (5 mM), KH2PO4
(60 mM), magnesium acetate (4.8 mM), NADP
(0.4 mM), phosphoglucomutase (0.24 U ml31) and
glucose-6-phosphate dehydrogenase (0.85 U ml31).
The reaction was started by addition of homogenate,
and the activity of phosphorylase a was recorded.
Thereafter, AMP (1.5 mM ¢nal concentration) was
added, and the activities of phosphorylase a+b deter-
mined ( = 100% activity).
2.9. Biochemicals and synthetic peptides
All biochemicals and enzymes were obtained from
Boehringer-Mannheim, Germany or Sigma, USA.
The synthetic AKH peptides were custom-synthe-
sised by Dr. R. Kellner (Merck KGaA, Darmstadt,
Germany).
3. Results
3.1. Concentrations of cAMP in tissues of
P. sinuata
A crude extract, equivalent to one corpus cardia-
cum gland, increased the level of cAMP in the fat
body of P. sinuata 4.7-fold compared with water-in-
jected beetles (Fig. 1). A high dose of the synthetic
endogenous peptide of the beetle, Mem-CC, achieved
the same level of increase in the cAMP content as the
crude extract (Fig. 1).
The increase in the concentration of cAMP upon
injection of 50 pmol Mem-CC is tissue-speci¢c:
whereas the level was 5.5-fold higher in fat body
tissue compared with water-injected controls, there
was no di¡erence in the levels of cAMP in £ight
muscles and brain of P. sinuata from the control
group and the Mem-CC-injected group (Table 1).
The increase of cAMP in the fat body of P. sinuata
upon injection of Mem-CC is time-dependent: 30 s
after injection of Mem-CC, the cAMP level was sig-
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ni¢cantly increased from 5.9 þ 2.3 to 15.5 þ 4.6 pmol
cAMP mg31 protein, and the maximum concentra-
tion of 39.5 þ 12.2 pmol cAMP mg31 protein was
measured 1 min after injection; thereafter cAMP lev-
els declined with time (Fig. 2). Thirty min after in-
jection, the control level of cAMP was reached again.
The elevation of the concentrations of cAMP in
the fat body of the beetle is also dose-dependent
(Fig. 3). The lowest dose of Mem-CC that resulted
in a signi¢cantly higher level of cAMP (12.1 þ 3.4
pmol cAMP mg31 protein) than in control animals
(8.2 þ 2.4), was 1 pmol. The maximum response of
33.9 þ 4.5 pmol cAMP mg31 protein was observed
after injection of 25 pmol Mem-CC and the ED50
value was calculated to be 7.1 pmol.
An in vitro experiment was conducted with iso-
lated fat body tissue to con¢rm that Mem-CC, in-
deed, triggered the increase of cAMP that was ob-
served in vivo. At the beginning of the incubation
with 50 pmol Mem-CC, a concentration of 5.8 þ 1.0
pmol cAMP mg31 protein (n = 6) was measured, and
it was signi¢cantly higher (P6 0.001, Student’s t-test)
at 31.4 þ 3.6 pmol cAMP mg31 protein (n = 5) after
1 min of incubation. The concentration returned to a
level of 7.1 þ 1.6 pmol cAMP mg31 protein (n = 4)
after 30 min of incubation. This concentration was
not signi¢cantly di¡erent from that measured at the
beginning of the incubation period.
An increase in the concentration of cAMP in the
fat body can also be triggered by £ight. In beetles
which £ew for 1 min, the cAMP concentration was
approximately 400% higher (27.5 þ 6.5 pmol cAMP
mg31 protein) than in resting animals (6.1 þ 1.6 pmol
cAMP mg31 protein) (Fig. 4). Beetles that rested for
1 h after a £ight of 1 min, had cAMP levels in the fat
body comparable to that of un£own beetles.
3.2. Action of cyclic nucleotides on metabolite levels
A series of bioassays was undertaken to examine
whether the Mem-CC-triggered increase in the
cAMP levels in the beetle’s fat body is related to
the metabolic function of Mem-CC in P. sinuata,
Fig. 1. E¡ect of a crude extract from a corpus cardiacum (one
gland equivalent 1 pCC) and of the endogenous neuropeptide,
Mem-CC, upon the concentrations of cAMP in the fat body of
P. sinuata 1 min after conspeci¢c injection. Values are
means þ S.D. (n = 5^8). *Signi¢cantly di¡erent from water-in-
jected animals (P6 0.001, Student’s t-test).
Table 1
E¡ect of the endogenous neuropeptide Mem-CC on the levels of cyclic AMP in various tissues of the beetle P. sinuata
Injected substance pmol cAMP mg31 protein
Fat body Flight muscle Brain
Distilled water 6.0 þ 2.7 3.8 þ 2.0 7.7 þ 2.0
Mem-CC (50 pmol) 33.2 þ 5.8* 4.4 þ 1.9 8.2 þ 2.5
Tissue samples were taken 1 min after injection.
Values are means þ S.D. (n = 5).
*Signi¢cantly di¡erent from control (P6 0.001) using Student’s t-test.
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i.e. stimulation of proline synthesis and mobilisation
of glycogen reserves.
A cAMP analogue which permeates cell mem-
branes, cpt-cAMP, mimics the action of cAMP in
the cell. IBMX is an inhibitor of phosphodiesterase
and causes an accumulation of cAMP. When cpt-
cAMP was injected into P. sinuata, an increase of
17.6% in the proline level and a 74.3% decrease in
the alanine level in the haemolymph was found (Ta-
ble 2). This e¡ect is very similar to the one achieved
by injection of 50 pmol Mem-CC. Injection of IBMX
caused similar changes in the haemolymph concen-
Fig. 2. Time-course of cAMP levels in the fat body of P. sinuata after injection of 50 pmol Mem-CC. Values are means þ S.D. (n = 7).
The insert shows the changes in the ¢rst 60 s. *Increase signi¢cantly di¡erent to control (no injection; P6 0.001, Student’s t-test).
Fig. 3. Dose-response relationship of the in£uence of Mem-CC on the concentrations of cAMP in the fat body of P. sinuata 1 min
after conspeci¢c injection. Values are means þ S.D. (n = 7). *Lowest concentration of Mem-CC which caused signi¢cant di¡erence to
control group (P6 0.05, Student’s t-test). Note that the log of injected concentration of Mem-CC is plotted.
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trations of the two amino acids, both qualitatively
and quantitatively. No change, however, was found
in the level of total carbohydrates after injection of
either cpt-cAMP or IBMX (Table 2). In contrast,
Mem-CC increased the concentration of carbohy-
drates in the haemolymph by 72.5% (Table 2).
In the bioassays reported above, the involvement
of cAMP in the regulation of the levels of carbohy-
drates and proline/alanine was measured in di¡erent
groups of beetles. There was the slight possibility
that di¡erent subgroups may respond di¡erently to
the injections. To counter this argument, in the next
series of experiments two haemolymph samples were
taken at the same time point from each individual
beetle for the measurement of carbohydrates and the
amino acids. Clearly, cpt-cAMP injection resulted in
a decrease/increase of the concentrations of alanine/
proline in the haemolymph, whereas it did not have
any e¡ect on the carbohydrate levels, not even when
the cpt-cAMP concentration was thrice of that which
elicits an e¡ect on the proline and alanine levels (Ta-
ble 3). The cGMP analogue cpt-cGMP, however, did
not a¡ect the levels of the tested metabolites when
injected in two di¡erent concentrations (Table 3).
There are indications that octopamine can also be
involved in the mobilisation of fuels in insects,
although the physiological signi¢cance of this is still
not clear [19]. Therefore, three very di¡erent concen-
trations of octopamine were tested for their ability to
a¡ect metabolite levels. However, we clearly show
that octopamine does not change the levels of metab-
olites, with the exception of alanine at a very high
dose of octopamine (Table 3).
3.3. Activation of glycogen phosphorylase
The failure of cpt-cAMP to increase the levels of
carbohydrates was intriguing. It was decided, there-
fore, to examine the e¡ect of cpt-cAMP at an earlier
stage in the cascade of carbohydrate mobilisation,
e.g. activation of phosphorylase. A pre-requisite for
such a study was a better understanding of the dose-
and time-dependency of the activation of phosphor-
ylase. As depicted in Fig. 5, maximal activation of
phosphorylase occurred 15 min after the injection of
50 pmol Mem-CC. The minimal dose of Mem-CC to
cause a higher activation than water (48%), was
2 pmol (65.7%). The maximum activation of 83.6%
was achieved by the injection of 10 pmol and the
ED50 was calculated to be 2.2 pmol.
The analogue cpt-cAMP was unable to activate
the phosphorylase in the fat body of P. sinuata sig-
ni¢cantly (Table 4). Mem-CC, however, and Scd-
CC-II, isolated from the scarabaeid dung beetle Scar-
abaeus deludens [20], caused an activation that was
signi¢cantly higher than that measured after the in-
jection of distilled water. Such an e¡ect was not
achieved when peptides of the blow£y Phormia ter-
raenovae (Pht-HrTH) or of Locusta migratoria (Lom-
AKH-III) were injected (Table 4).
When octopamine was injected into the beetles,
phosphorylase was only signi¢cantly activated at a
very high, unphysiological dose of 100 WM. All other
doses tested (100 nM, 1 WM and 10 WM) were not
capable of activating the phosphorylase (Table 4).
Fig. 4. In£uence of £ight and subsequent rest on the concentra-
tion of cAMP in the fat body of P. sinuata. Values are
means þ S.D. (n = 5). *Signi¢cantly di¡erent from resting value
(P6 0.001, Student’s t-test).
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Table 2
E¡ect of injection of the neuropeptide Mem-CC, cpt-cAMP and IBMX on the concentrations of the amino acids proline and alanine
and of total carbohydrates in the haemolymph of P. sinuata
Injected substance Alanine (Wmol ml31) Proline (Wmol ml31) Carbohydrate (mg ml31)
0 90 min Di¡. 0 90 min Di¡. 0 90 min Di¡.
Distilled water mean 5.8 6.4 0.6 n.s. 104.0 102.5 31.5 n.s. 10.4 10.4 0.0 n.s.
S.D. 3.0 3.6 3.0 12.8 13.8 7.4 3.0 2.4 1.5
n = 8 n = 8 n = 14
Mem-CC (50 pmol) mean 9.0 2.2 36.8 * 98.9 118.2 19.3 * 8.0 13.8 5.8 *
S.D. 2.6 0.9 2.7 4.8 6.0 7.6 1.5 1.6 1.3
n = 8 n = 8 n = 8
cpt-cAMP (0.1 mM) mean 8.2 2.1 36.1 * 106.4 125.1 18.7 * 10.3 10.5 0.2 n.s.
S.D. 3.0 2.2 3.2 18.3 21.3 16.5 4.1 4.0 0.6
n = 11 n = 11 n = 12
IBMX (0.5 mM) mean 6.9 1.9 35.0 * 98.4 118.5 20.1 * 9.5 10.2 0.7 n.s.
S.D. 1.4 1.2 1.9 6.9 5.0 10.4 1.7 1.6 1.2
n = 10 n = 10 n = 12
Values are means þ S.D. *Signi¢cance of change P6 0.001 using paired t-test.
Di¡erent individual beetles were used for amino acid and carbohydrate measurements.
Concentrations given in brackets (except Mem-CC) are ¢nal concentrations calculated for an average haemolymph volume of P. sinua-
ta of 166 Wl [7]. For Mem-CC the absolute amount is given which is a ¢nal concentration of 0.3 nM.
Fig. 5. Time-course of activation of glycogen phosphorylase in the fat body of P. sinuata after injection of 50 pmol Mem-CC (n = 5).
*First value which was signi¢cantly higher than the control value (P6 0.001, Student’s t-test). Insert: Dose-response relationship of
the in£uence of Mem-CC on the activation of glycogen phosphorylase from the fat body of P. sinuata (n = 5). *Lowest dose which
caused a signi¢cantly higher activation than injection of distilled water (P6 0.002, Student’s t-test). Values are presented as
means þ S.D.
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4. Discussion
4.1. Levels of cAMP in P. sinuata
The present study revealed that the levels of cAMP
in the fat body of P. sinuata are under hormonal
control: conspeci¢c injection of a crude extract of
corpora cardiaca and of the endogenous peptide
Mem-CC elevated the cAMP content substantially.
Such an e¡ect was not found in brain and £ight
muscle tissue and is, therefore, tissue-speci¢c to the
fat body which is the expected site for metabolic
control. The ¢rst report on the involvement of
cAMP as second messenger of a structurally charac-
terised insect metabolic hormone was given for the
adipokinetic hormone of locusts [21]. Onset of £ight
also caused an increase in the concentration of
cAMP in the fat body of P. sinuata ; this stimulus
most likely acts via the release of Mem-CC from the
corpora cardiaca into the haemolymph which then
induces the elevation of cAMP levels in the fat
body cells. Such a release of AKH peptides after
onset of £ight was indirectly demonstrated in locusts
[22]. The concentration of cAMP in the fat body of
P. sinuata rose almost immediately upon injection of
Mem-CC or £ight activity. This rapid response sug-
gests a possible role in substrate mobilisation for
£ight ^ an energetically expensive activity of P. si-
Table 3
E¡ect of injection of the endogenous neuropeptide Mem-CC, cpt-cAMP, cpt-cGMP and octopamine on the concentrations of the ami-
no acids proline and alanine and of total carbohydrates in the haemolymph of P. sinuata
injected substance n Carbohydrates (mg ml31) Proline (Wmol ml31) Alanine (Wmol ml31)
0 90 min Di¡. 0 90 min Di¡. 0 90 min Di¡.
First series of experiments:
Distilled water mean 9 14.2 15.5 1.3 100.1 100.9 0.8 6.4 5.5 30.9
S.D. 4.4 3.7 3.5 17.3 16.9 6.3 3.3 2.5 1.5
Mem-CC (50 pmol) 9 15.2 21.2 6.0 ** 93.3 103.3 10.0 * 7.6 1.5 36.1 **
4.2 4.5 3.5 7.3 14.9 11.4 2.5 1.1 2.0
cpt-cAMP (0.1 mM) 14 16.6 18.0 1.4 91.5 99.6 8.1 ** 7.4 3.5 33.9 **
5.5 4.6 2.6 14.9 11.2 6.0 4.1 2.3 2.2
Second series of experiments:
Distilled water mean 6 9.0 9.3 0.3 99.1 102.8 3.7 9.5 8.6 30.9
S.D. 3.5 3.6 1.1 15.4 14.9 9.9 3.3 3.7 4.1
cpt-cGMP (0.1 mM) 8 8.8 9.2 0.4 96.2 98.5 2.3 5.6 4.3 31.3
4.0 2.7 2.1 14.9 17.0 7.2 2.5 2.2 2.4
Mem-CC (50 pmol) 6 9.2 13.3 4.1 ** 92.3 132.1 39.8 ** 7.1 1.3 35.8 *
2.5 2.8 1.2 26.4 19.1 14.4 3.6 0.4 3.6
Third series of experiments:
Distilled water mean 15.0 16.2 1.2 92.5 95.0 2.5 7.2 6.4 30.8
S.D. 5.3 3.4 4.3 17.9 20.4 7.2 4.3 3.1 1.9
Mem-CC (50 pmol) 15.0 20.3 5.3 ** 96.5 111.1 14.6 ** 7.9 1.7 36.2 **
3.3 3.1 1.4 4.4 13.4 13.2 3.1 1.5 2.4
cpt-cAMP (0.3 mM) 6 18.8 18.9 0.1
4.0 4.0 2.6
cpt-cGMP (0.3 mM) 6 17.4 17.2 30.2 94.8 95.7 0.9 5.8 4.9 30.9
3.9 4.1 2.1 12.0 10.5 2.1 1.1 1.7 1.2
Octopamine (1 WM) 5 18.3 19.0 0.7 95.2 91.9 33.3 5.4 4.3 31.1
2.4 1.8 3.4 13.5 9.4 5.5 1.2 2.3 2.0
Octopamine (10 WM) 5 16.5 16.1 30.4 91.2 92.2 1.0 5.3 3.7 31.6
4.2 3.6 2.4 11.1 10.5 2.1 1.3 1.7 1.6
Octopamine (100 WM) 6 17.8 18.6 0.8 91.4 95.2 3.8 5.8 3.9 31.9 **
4.5 3.4 1.8 10.6 13.5 4.2 1.5 1.6 0.8
Values are means þ S.D. Signi¢cance of changes: *P6 0.05 and **P6 0.002 using paired t-test.
Haemolymph from individual beetles was taken to measure all three metabolites from the same animal!
For explanations of concentrations see Table 2.
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nuata where stored £ight fuels in £ight muscles and
haemolymph were rapidly depleted during endother-
mic warm-up and in the ¢rst 30 s of £ight [7,8]. Such
immediate signal transduction from Mem-CC would
ensure a rapid mobilisation of metabolites from fat
body tissue. A quick response of cAMP levels to
injection of AKH peptides was previously reported
for locust fat body in vitro [23]. In the beetle, the
maximum increase in the cAMP level was achieved
after injection of 25 pmol Mem-CC. This is in the
same range as the doses of Mem-CC necessary to
elicit maximum response of proline (15 pmol) [12]
and carbohydrate levels (20 pmol) [11], as well as
for maximal activation of glycogen phosphorylase
(10 pmol; this study) in the beetle.
The cAMP concentration in the fat body declines
shortly after it had reached its maximum upon injec-
tion of Mem-CC. We observed this phenomenon in
vivo, as well as in vitro. From the latter results, we
suggest that such a decline is caused by de-sensitisa-
tion of the receptor rather than by a possible break-
down of circulating Mem-CC.
4.2. Role of cAMP in the fat body of P. sinuata
The present study demonstrates that the increase
of cAMP levels in the fat body of P. sinuata is re-
lated to a rise in proline levels and a decline in ala-
nine levels in the haemolymph. The analogue cpt-
cAMP and the phosphodiesterase inhibitor IBMX
are both able to cross the cell membrane and lead
to an elevation of cAMP levels in the fat body cells.
Such an increase would, therefore, be the cause of
the substantial elevation of proline concentration and
the concomitant decrease in alanine concentration in
the haemolymph. The e¡ects on the concentrations
of the two amino acids are similar to that upon in-
jection of Mem-CC, strongly suggesting that cAMP
is part of a second messenger system in the fat body
cells that mediates the signal of Mem-CC to cause
hyperprolinaemia. The dose of Mem-CC needed for
a maximal increase of proline and decrease of alanine
levels in the haemolymph is lower than that to
achieve a maximum elevation of cAMP in the fat
body of P. sinuata. This may indicate that sub-max-
imal concentrations of cAMP in the fat body cells
are su⁄cient to ensure maximal stimulation of pro-
line synthesis. Another indication for this may be the
relatively low cAMP concentration measured after
£ight when compared with those after injection of
one gland (corpus cardiacum) equivalent (=1 pCC)
equivalent or 50 pmol Mem-CC. This result is also
indirect evidence that Mem-CC is released during
£ight. Taking the amount of cAMP after 1 min of
£ight (Fig. 4) and the dose-response curve (Fig. 3)
into account, we propose a release of less than 10
pmol Mem-CC upon this £ight period. From the
fact that octopamine has no e¡ect on the metabolism
Table 4
Activation of glycogen phosphorylase from the fat body of P. sinuata 15 min after injection of cpt-cAMP, octopamine and various
synthetic neuropeptides of the AKH/RPCH family
Injected substance Active phosphorylase (% of total)
Distilled water 48.7 þ 8.2
Mem-CC 50 pmol pQLNYSPDWamide 79.0 þ 8.0 *
Scd-CC-II 50 pmol pQFNYSPVWamide 71.5 þ 7.8 *
Pht-HrTH 50 pmol pQLTFSPDWamide 54.1 þ 7.1
Lom-AKH-III 50 pmol pQLNFTPWWamide 50.7 þ 8.6
cpt-cAMP 0.1 mM 58.1 þ 11.0
0.3 mM 56.9 þ 8.5
Octopamine 100 nM 47.1 þ 6.8
1 WM 50.1 þ 7.7
10 WM 44.8 þ 7.3
100 WM 56.7 þ 5.6 *
Values are means þ S.D. (n = 5^8). *Signi¢cantly di¡erent to control group (P6 0.001, Student’s t-test).
Primary structure of synthetic peptides is given in one-letter code behind each peptide.
Concentrations given (except AKH peptides) are ¢nal concentrations calculated for an average haemolymph volume of P. sinuata of
166 Wl [7]. For Mem-CC the absolute amount is given which is a ¢nal concentration of 0.3 nM.
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of proline/alanine and carbohydrates when injected
in physiological doses (Tables 3 and 4), we conclude
that it is not involved in fuel mobilisation at this
early stage of £ight in P. sinuata. However, octop-
amine stimulated activation of phosphorylase and
proline synthesis slightly at unphysiological doses.
Action of octopamine at unphysiological concentra-
tions was previously reported for carbohydrate me-
tabolism in the fat body of Blaptica dubia [24].
A cAMP-induced release of material from fat body
cells in vitro was previously demonstrated for the
tsetse £y, an exclusive proline user, suggesting a pos-
sible role of cAMP in signal transduction [25]. The
chemical nature, however, of the released material
was not reported in the latter study. Therefore, we
have shown for the ¢rst time that cAMP mediates
AKH-induced hyperprolinaemia in an insect.
In contrast, cAMP seems not to be involved in the
mobilisation of glycogen from stores in the fat body
of P. sinuata. Neither cpt-cAMP nor IBMX were
able to elevate the carbohydrate level in the haemo-
lymph when injected at the same dose that caused
hyperprolinaemia. In addition, glycogen phosphory-
lase of the fat body, shown to be maximally activated
by Mem-CC at a similar dose (10 pmol) as was
shown for proline synthesis (15 pmol) [12], was not
signi¢cantly stimulated by cpt-cAMP. This leads to
the conclusion that a di¡erent second messenger is
used in P. sinuata to mobilise glycogen reserves from
the fat body. This could involve the inositol phos-
phate system which was shown to take part in AKH-
signalling in locust fat body [26].
An involvement of cAMP in AKH-induced lipid
mobilisation [27,28] and glycogenolysis [26] is well
established for locusts. In cockroaches, however,
the situation is di¡erent: despite a small increase of
the cAMP concentration found in the fat body of
Periplaneta americana upon injection of the endoge-
nous peptides Pea-CAH-I and II in vivo [29], no
evidence was found that cAMP is involved in signal
transduction of AKH peptides in several cockroach
species in vitro [24,30,31].
4.3. Requirements of the Mem-CC receptor for
activation of glycogen phosphorylase
The receptor for Mem-CC in the fat body of P.
sinuata seems to be speci¢c for activation of phos-
phorylase: peptide members of the adipokinetic hor-
mone family with a Tyr residue at position 4 could
increase activity, whereas those with a Phe residue at
this position did not have an e¡ect. These results
con¢rm earlier observations [10] when changes were
measured in the carbohydrate levels in P. sinuata
upon injection of several AKH peptides. Previously,
we had shown that the receptor for Mem-CC neces-
sary for the regulation of proline concentration is
also speci¢c [12]. However, the receptors seem to
have di¡erent requirements: for activation of glyco-
gen breakdown position 4 is most important whereas
for proline synthesis position 7 of the peptide is es-
sential. Therefore, some peptides from the AKH/
RPCH family have di¡erent e¡ects on the proline
or carbohydrate levels in the haemolymph. For ex-
ample, the octapeptide Scd-CC-II, which has a Tyr4
and a Val7, causes an activation of glycogen phos-
phorylase (present study) but no hyperprolinaemic
e¡ect [12]. Thus, we suggest that Mem-CC binds to
di¡erent receptors or receptor subtypes for eliciting
the hypertrehalosaemic or the hyperprolinaemic ef-
fect in P. sinuata. Also, taking our results on
cAMP levels into account, we conclude that these
di¡erent receptors or receptor subtypes activate dif-
ferent signalling pathways in the fat body cell. While
we have shown that Mem-CC activates glycogen
phosphorylase in the fat body of P. sinuata, it is
not yet known which enzyme in the pathway of pro-
line synthesis is stimulated. We speculate that an
enzyme of lipid breakdown may be the target site,
because we have previously shown that supply of
acetyl-CoA from the L-oxidation of fatty acids is
necessary to synthesise proline [9].
4.4. Physiological implications
Why are the processes of glycogen mobilisation
and proline synthesis activated via di¡erent path-
ways? To answer this question one has to recapitu-
late the special role of proline for £ight: although
proline and carbohydrates each contribute 50% to
meet the energy demand during lift-generating £ight
[7], proline serves as the sole substrate for the endo-
thermic pre-£ight warm-up [8]; it is therefore used
before carbohydrates are metabolised via the glyco-
lytic pathway. Thus, while the proline level decreases
sharply during warm-up and short bursts of £ight,
BBAMCR 14558 30-12-99
L. Auerswald, G. Ga«de / Biochimica et Biophysica Acta 1495 (2000) 78^89 87
carbohydrates may not be needed. To re-establish
resting levels of proline in the £ight muscles and
haemolymph, only an enhanced supply of proline
may be su⁄cient, whereas a full mobilisation of car-
bohydrates from the fat body is not necessary. With
di¡erent routes of transduction of the signal from
Mem-CC, activation of the two biochemical path-
ways (proline synthesis and glycogen breakdown)
can be accomplished separately but with the same
hormone.
Separate regulation of proline and carbohydrate
concentration in the haemolymph has been shown
previously during two other situations in P. sinuata.
First, the level of proline follows a pronounced cir-
cadian pattern with a maximum during the time of
highest £ight activity; this is accomplished by the
action of Mem-CC [12], whereas no such pattern
was found for carbohydrates (unpublished results).
Second, while carbohydrate levels in the haemo-
lymph depend very much on the feeding stage of
the beetle, proline concentrations do not and remain
high after prolonged periods of starvation [32]. In
such situations proline synthesis needs to be acti-
vated independently of the concentration of carbohy-
drates in the haemolymph. As demonstrated in the
present study this may be achieved via di¡erent sig-
nalling pathways.
In summary, we have shown that cAMP mediates
the signalling of Mem-CC for the stimulation of pro-
line synthesis in the fat body of P. sinuata, while the
activation of glycogen phosphorylase by Mem-CC
seems to be independent of cAMP. Furthermore,
Mem-CC binds to di¡erent receptors or receptor
subtypes for eliciting of the hyperprolinaemic or hy-
pertrehalosaemic e¡ect, respectively. Therefore, the
di¡erent signalling pathways are activated at the lev-
el of receptor binding.
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